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The present experiments indicate that in a 7-AFC double judgment accuracy task with unmasked stimuli,
cue location response bias can be quantiﬁed and removed, revealing unbiased improvements in response
accuracy for valid cues compared to invalid cues. By testing for cueing effects over a range of contrast
levels with unmasked stimuli, changes in the psychometric function were examined and provide insight
into the mechanisms of involuntary attention which might account for the observed cueing effects. Cue
validity was varied between two separate experiments showing that non-predictive (14.3%) and moder-
ately-predictive cues (50%) equally facilitate stimulus identiﬁcation and localization during transient
involuntary attention capture. Observers had improved accuracy at identifying both the location and
the feature identity of target letters throughout a range of contrast levels, without any dependence on
backward masking. There was a leftward shift of the psychometric function threshold with valid cued
data and no slope reduction suggesting that any additive hypothesis based on spatial uncertainty reduc-
tion or perceptual enhancement is not a sufﬁcient explanation for the observed cueing effects. The inter-
dependence of the perceptual processes of stimulus discrimination and localization were also
investigated by analyzing response contingencies, showing that observers were equally skilled at making
identiﬁcation and localization accuracy judgments with unmasked stimuli.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The attentional effects of spatial pre-cues have been extensively
studied for many years, providing evidence that attending to a
region of the visual ﬁeld can enhance target discriminability and/
or quicken reaction time across the time courses of involuntary
and voluntary attention. Despite the extensive progress in this area
of research, the differentiation and mechanisms of these attention
systems remains controversial. Some researchers differentiate
these two attention systems on the basis of cue validity and
whether a pre-cue is strategically advantageous for enhancing per-
ceptual sensitivity at the cued location (Jonides, 1980, 1983;
Kerzel, Gauch, & Buetti, 2010; Kerzel et al., 2010; Prinzmetal, Ha,
& Khani, 2010; Prinzmetal, Long, & Leonhardt, 2008; Prinzmetal,McCool, & Park, 2005; Prinzmetal, Park, & Garrett, 2005; Wright
& Richard, 2000), while others differentiate involuntary and volun-
tary attention by their temporal characteristics into transient and
sustained systems (Cheal & Lyon, 1991; Herrmann et al., 2010;
Ling & Carrasco, 2007; Nakayama & Mackaben, 1989). Many stud-
ies have reported that involuntary attention improves response
accuracy at the attended location as a result of signal enhancement
mechanisms. An alternative hypothesis is that accuracy perfor-
mance enhancement from involuntary attention is exclusively a
result of spatial uncertainty reduction and/or response bias
(Eckstein, 1998; Foley & Schwarz, 1998; Kerzel, Zarian, & Souto,
2009; Palmer, 1994; Prinzmetal, Long, & Leonhardt, 2008;
Prinzmetal, McCool, & Park, 2005; Prinzmetal, Park, & Garrett,
2005; Schneider & Komlos, 2008; Solomon, Lavie, & Morgan,
1997; Valsecchi, Vescovi, & Turatto, 2010). Recent articles have
addressed some of these concerns by showing that cue response
bias can be ruled out using control experiments, comparative judg-
ments of orientation or contrast, and identiﬁcation judgments that
are not susceptible to cue location response bias (Carrasco, Fuller,
& Ling, 2008; Carrasco, Ling, & Read, 2004; Fuller, Rodriguez, &
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Ling & Carrasco, 2006; Pack, Carney, & Klein, 2013).
The present experiments utilized two independent accuracy
judgments to allow for the independent analysis of both loca-
tion-biased judgments and unbiased identiﬁcation judgments
within the same task. In similarity to a recent study that examined
the inﬂuence of cue validity during involuntary and voluntary
attention (Giordano, McElree, & Carrasco, 2009) in an orientation
judgment task, the present investigation examined the relevance
of cue validity in two separate experiments. While in Giordano,
McElree, and Carrasco (2009) observers were informed of the
validity of the cue, in the present investigation subjects were not
provided any instructions about the cue validity. Both studies
report that changes in cue validity do not inﬂuence response accu-
racy during involuntary attention and this instructional difference
will be discussed later. The present experiments examine target
identiﬁcation and localization accuracy rather than orientation
judgments.
This study examined cueing effects for involuntary attention in
a 7 alternative forced choice cueing task for both non-predictive
(14.3% valid cue trials) and 50% predictive cues. If involuntary
attention is speciﬁcally activated by non-predictive cueing and vol-
untary attention with predictive cueing, then we might anticipate
performance differences in the 7-AFC task since voluntary and
involuntary attention systems have different characteristics. In an
alternative view, if enough time is available to complete the per-
ceptual task using voluntary search with or without eye move-
ments (overtly or covertly), then voluntary attention is utilized
(Carrasco, Fuller, & Ling, 2008; Cheal & Lyon, 1991; Ling &
Carrasco, 2007; Nakayama & Mackaben, 1989). If there is insufﬁ-
cient time to voluntarily shift attention during the task, then invol-
untary attention is utilized (Fuller, Rodriguez, & Carrasco, 2008;
Giordano, McElree, & Carrasco, 2009; Herrmann et al., 2010). In
this view, voluntary attention is characterized as a voluntary,
goal-directed orienting of attention, while involuntary attention
is an involuntary, reﬂexive, and automatic orienting of attention.
If involuntary attention is active regardless of cue validity, then
we would expect similar psychometric curves and cueing effects
for the non-predictive (14.3% valid) and the moderately predictive
(50% valid) conditions. Considering the abundant evidence sup-
porting a temporal differentiation between each attention system
as discussed in Carrasco (2011), the hypothesis we adopted is that
the attention systems are differentiated on the basis of temporal
characteristics with involuntary attention characterized as having
a rapid onset and decay, while voluntary attention is activated
more gradually and is sustained. We therefore expected that invol-
untary attention would have a similar inﬂuence on perceptual pro-
cessing in each experiment.
Similar to our recent 2-AFC experiments (Pack, Carney, & Klein,
2013), this study investigated mask-dependency of cueing effects
(Kerzel, Gauch, & Buetti, 2010; Kerzel, Zarian, & Souto, 2009;
Kerzel et al., 2010) by using unmasked stimuli to assess whether
a backward mask is required for performance enhancement to
occur with validly cued stimuli. Based on our previously published
results and the results from other unmasked cueing experiments
(e.g. Carrasco, Penpeci-Talgar, & Eckstein, 2000; Carrasco,
Williams, & Yeshurun, 2002), it was hypothesized that cueing
effects would be present with unmasked targets. Despite spatial
uncertainty being large with a set size of 7, we hypothesized that
there would not be sufﬁcient evidence that spatial uncertainty
reduction would exclusively account for observed cueing effects
as we expected that there would not be any change in the slope
of the psychometric function between valid and invalid cue condi-
tions as reported in our recent article. The topic of spatial uncer-
tainty reduction in cueing tasks has been addressed in previous
articles (Cameron, Tai, & Carrasco, 2002; Pack, Carney, & Klein,2013), but will be reviewed further here as additional insight
was obtained using unmasked stimuli and double judgment accu-
racy measures of performance.
Using a stimulus set size of 7 instead of the more common set
size of 2 reduces task redundancy and increases the novelty of pre-
sented stimuli as there are many locations to attend to and many
different alphanumeric characters. It also enables the bias calcula-
tion by comparing the number of responses made to cued, uncued,
and target containing locations. While other studies have exam-
ined cueing effects with a large set size (e.g. Carrasco &
Yeshurun, 1998; Giordano, McElree, & Carrasco, 2009), this is the
ﬁrst investigation to implement independent accuracy double
judgments, using alphanumeric stimuli, and bias removal with
unmasked stimuli. Maximizing stimulus novelty using a large set
size may be beneﬁcial toward capturing attention as it likely
reduces task redundancy and observer fatigue. The addition of dual
task coordination of location and feature identity judgments
increases distractor interference and attention load, which may
exhaust perceptual capacity in working memory (Lavie et al.,
2004) and require observers to be fully engaged in the task.
The bias removal procedure eliminates cue location bias as a
factor that contributes to improved location judgment accuracy,
a previously demonstrated confound in some spatial cueing exper-
iments (Prinzmetal, Long, & Leonhardt, 2008; Prinzmetal, McCool,
& Park, 2005; Prinzmetal, Park, & Garrett, 2005). This is not to
say that other forms of biases are still not present or that identiﬁ-
cation judgments are completely unbiased, but rather that the
problem of observers reporting the cued location excessively when
the target location is unknown can be resolved using this bias
removal procedure. This topic is discussed in more detail in the
companion article on temporally constrained (masked) stimuli.
Researchers have developed various methods of ruling out cue bias
as a confound in their cueing experiments such as conducting con-
trol experiments, avoiding location judgments, or using compari-
son judgments and in so doing have addressed many of the
concerns about cueing effects raised in various publications
(Anton-Erxleben, Abrams, & Carrasco, 2010, 2011; Carrasco,
Fuller, & Ling, 2008; Carrasco, Ling, & Read, 2004; Pack, Carney, &
Klein, 2013), but this is the ﬁrst study of its kind to implement a
means of bias correction with unmasked stimuli. This method
allows location accuracy judgments to be analyzed free of bias,
whereas location judgments have often been avoided in previous
publications on cueing tasks. Studies on the effects of attention
on appearance have necessitated both a discrimination task and
a location task (Anton-Erxleben, Abrams, & Carrasco, 2010, 2011;
Carrasco, Ling, & Read, 2004).
Robust cueing effects were observed with both location and
identiﬁcation accuracy judgments across the psychometric func-
tion. For both levels of cue validity tested, spatial uncertainty
reduction, and additive signal enhancement were not well-sup-
ported hypotheses for the cueing effects with unmasked stimuli.
Based on these results alone, it can only be speculated as to what
other mechanisms of involuntary attention enhancement could
be contributing to the increased response accuracy during atten-
tion allocation.2. Experiment 1 – Methods: non-predictive cueing of unmasked
letters
The ﬁrst experiment was conducted to determine if cueing
effects were present for brief unmasked stimuli with non-predic-
tive cues, a large set size, and across the entire psychometric func-
tion. It was hypothesized that response accuracy would be higher
for valid cues than invalid cues for both location and identiﬁcation
judgments, and that the presence of a backward mask would not
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ing effects throughout the psychometric function both above and
below the detection threshold as some studies have reported
(Barbot, Landy, & Carrasco, 2011; Dosher & Lu, 2000a, 2000b;
Giordano, McElree, & Carrasco, 2009; Herrmann et al., 2010; Ling
& Carrasco, 2006; Lu & Dosher, 1998; Pestilli, Ling, & Carrasco,
2009; White, Lunau, & Carrasco, 2013), challenging previous argu-
ments that cueing effects only occur near threshold (Kerzel, Gauch,
& Buetti, 2010; Kerzel, Zarian, & Souto, 2009; Kerzel et al., 2010;
Schneider, 2006). Experiment 1 used non-predictive cues which
only have 14.3% validity.
2.1. Participants
Five subjects (3 male and 2 female) were recruited from the
local community, consisting of students and non-students alike.
Recruitment and experimental procedures were approved by the
University of California afﬁliated Institutional Review Board ethics
committee in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments
involving humans. Four of the subjects were naïve observers, and
one was the primary author. Subject ages ranged from 19 to 32.
All participants provided informed consent and were ﬁnancially
compensated for their participation. All subjects had normal or
corrected to normal vision.
2.2. Apparatus
In all experiments, stimuli were generated, presented, and
responses recorded using the WinVis Psychophysical Testing plat-
form, a toolbox for Matlab. Stimuli were presented on a 17-in. Sony
Trinitron CRT monitor at a refresh rate of 100 Hz. The display res-
olution was 1024  768 pixels. The display background was gray
with an approximate luminance of 13 cd/m2. Subjects were posi-
tioned in an Eyelink II eye tracker with a chin and forehead rest.
Subjects’ eyes were positioned 50 cm from the display, resulting
in 2.1  2.1 min square pixels. Subjects were instructed to avoid
making eye movements during a trial. The experiment was con-
ducted in indoor ofﬁce lighting conditions with 40 W ﬂuorescent
tube lights.
2.3. Stimuli
Monitor luminance linearity was achieved using an 8 bit
gamma correcting look up table. A 25% contrast ﬁxation circle
0.2 in size was presented at the center of the screen at the begin-
ning of each trial (see Fig. 1) on a gray background. The duration of
the ﬁxation circle was randomly selected from 0.5 to 2.0 s for each
trial to prevent the subject from being able to predict the time ofFig. 1. The sequence of stimuli in a single trial from left to right. An invalid cue trial is sh
40 ms ISI before the target stimulus appeared for 20 ms. The target stimulus was simulta
display of blank screen before the subject was prompted for a response. The observer’s t
responded by pressing any number from 1 to 7 to indicate target location, and any numb
visual feedback was provided in the form of the previously presented target display concue onset at the start of each trial. The ﬁxation target was removed
before the cue onset to prevent masking of the central stimulus.
Target and distractor alphanumeric characters were presented at
7.5 eccentricity from the center of the screen. The cue was an
approximately isoluminant green, 120 segment of a circle, posi-
tioned 1 outside of the edge of the forthcoming target/distractor
(edge to edge) for peripheral cues and 1/2 outside the central
stimulus for central cues. We previously found that these cue
parameters did not cause masking of the target stimulus (Pack,
Carney, & Klein, 2013). There was never any spatial or temporal
overlap between the cue and the target. The peripheral cue had a
width of ½, whereas the central cue had a width of 1=4. The target
stimulus was a number ranging from two to eight in Arial font pre-
sented at one of seven locations (Fig. 1). Letter distractors were
presented at all non-target locations. There were six equidistant
peripheral stimulus locations and one central stimulus location.
Targets and distractors presented in the periphery were 1  1
in size, and 1=4 in size when presented at the central location.
The cue was displayed for 60 ms.
Distractor letters were randomly selected in each trial from the
26 letters of the alphabet, and were all capitalized. Each target
number appeared an equal number of times at each of the seven
locations. The order of the target numbers was randomly selected.
There were 7 trials with valid cues at each of the target locations,
and 42 trials with invalid cues at each of the target locations, total-
ing 49 trials. Of those 49 trials, 36 consisted of a target and cue
appearing in the periphery, with 30 of those trials invalidly cued
and 6 validly cued. The central cue and target condition was uti-
lized to encourage the subjects to maintain ﬁxation at the center
of the screen throughout the trial. Using the method of constant
stimuli, six stimulus contrast levels (19%, 28%, 36%, 63%, 81%, and
100% relative to the background luminance) were tested which
covered the range of perceptual performance from chance guessing
to 100% correct.2.4. Procedure
After presentation of the 60 ms cue, there was an inter-stimu-
lus-interval (ISI) interval of 40 ms consisting of a blank screen,
after which the target and distractors were presented at all seven
stimulus locations for 20 ms. After the target offset, there was
500 ms of blank screen after which the question ‘‘Where was the
target number?’’ was presented at the center of the screen in full
contrast black letters until the subject made a response by pressing
a number on the keypad between one and seven. After responding,
a second question, ‘‘What was the target number?’’ was presented
until subjects responded with a number between two and eight to
indicate target feature identity. After reporting the location and
feature identity of the target letter there was a one second displayown. After a variable ﬁxation period, the cue was presented for 60 ms, followed by a
neously presented with distractor letters. After the target offset, there was a 500 ms
ask was to report the location and feature identity of the target number. Observers
er from 2 to 8 to indicate target feature identity. After responding via a number pad,
taining the distractors.
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target display containing the distractors. To begin the next trial,
subjects pressed any button on the keyboard.
The subjects were initially familiarized with the task by com-
pleting 147 trials, or 3 runs with long stimulus durations and high
contrasts, having low task difﬁculty. The data from these training
runs were not included in the ﬁnal analysis. Subjects were
instructed to complete the task at their own preferred pace and
to take brief breaks between each run to maintain a consistent
attentive state. Each run consisted of 49 trials (lasting 3–4 min
total) with 1/7 of the trials having valid cues and 6/7 with invalid
cues. Each data collection session lasted approximately 1 h, and
each subject participated in an approximate total of 12 h. Since
data collection was self-paced, there was some slight variation in
the amount of data collected per subject, but the average number
of trials completed by each subject was 6664 trials, or 136 runs
encompassing all 6 contrasts. There were on average 4080 trials
with invalid peripheral cues and peripheral targets, 816 trials with
valid peripheral cues, and 1768 with central cues or targets. In the
trials with either central targets or central cues, 272 were valid
central cues, and 1496 were a combination of invalid peripheral
cues with a central target and invalid central cues with a peripheral
target.
Subjects were informed that a cue would precede the target
stimulus, but were not provided any information about the overall
validity of the cue. In some previous published cueing experiments,
subjects were informed about the cue validity (Jonides, 1981) or
speciﬁcally instructed to ignore the cue since it was non-predictive
of the forthcoming target location (Kerzel, Zarian, & Souto, 2009).
In some studies, investigators informed subjects that the cue was
non-predictive, but did not instruct observers to ignore the cue
(Montagna, Pestilli, & Carrasco, 2009; Pestilli & Carrasco, 2005).
Studies have shown that observers cannot completely ignore a sali-
ent peripheral cue (Giordano, McElree, & Carrasco, 2009; Jonides,
1981; Müller & Rabbitt, 1989; Warner, Juola, & Koshino, 1990)
even across the entire psychometric function (Barbot, Landy, &
Carrasco, 2011; Herrmann et al., 2010; Pestilli, Viera, & Carrasco,
2007). This has also been reported with acuity tasks (Montagna,
Pestilli, & Carrasco, 2009) and texture segmentation tasks
(Yeshurun & Carrasco, 1998, 2000). We wanted to avoid any con-
founds related to the subjects’ intentions regarding attending to
the cue in the present experiments under the assumption that pro-
viding subjects with explicit instructions to ignore the cue could
activate top-down control systems that may interfere with reﬂex-
ive attention capture and inﬂuence cueing effects.
The method of quantifying and removing cue location response
bias is the same as in the companion article on masked spatial cue-
ing. The present experiments examined cueing effects across a
range of contrast levels rather than across processing time, but
the same procedure applies for removing bias since there are still
7 stimulus locations and identities as well as double judgment
accuracy measures. Examining cueing effects across a range of con-
trast levels rather than across temporal parameters allows for a
more thorough investigation of changes in the psychometric func-
tion that can be invaluable in generating conclusions about mech-
anisms of involuntary attention as addressed in the general
discussion section.3. Results
Accuracy was measured as the percentage of trials for which the
observer correctly identiﬁed the target number and location. In
Fig. 2, response accuracy was plotted as a function of stimulus con-
trast for the group average. Valid cue data was plotted as the solid
line and invalid cue data as the dotted line. The PAL_SDT_-MAFC_PCtoDP function of the Palamedes toolbox for Matlab was
implemented to convert the values of proportion correct (left ordi-
nate) to d0 (right ordinate) using a set size of seven in the calcula-
tions (Prins & Kingdom, 2009). Psychometric functions expressed
as percent correct, p(c), were ﬁtted to each subject’s valid and inva-
lid cue data using theWeibull function. The parameters of theWei-
bull function were the upper asymptote (a) ﬁxed at 97% (see
Section 7 for explanation), the ﬂoating exponent or slope (b), and
the threshold (th). Eq. (1) implies that the threshold, th, was cho-
sen to be at the midpoint of the psychometric function (halfway
between 14.3% and 97%) so that p(th) = 55.7%, corresponding to
d0  1.25 as shown on the right ordinate:
pðcÞ ¼ a ða :143Þ  :5^ c
th
 b
ð1Þ
Analysis of the proportion correct indicates that across the
entire psychometric function, valid cue trials produced higher
accuracy performance than invalid cue trials. As shown in Table 1,
the group-average threshold ratio for feature identity judgments
was 1.69 ± 0.04, indicating that the threshold of the cued target
was signiﬁcantly decreased (t(4) = 17.98, p < .001). The group-aver-
age threshold ratio for location judgments was 1.63 ± 0.03, indicat-
ing a lower threshold for cued targets (t(4) = 23.24, p < .001). The
group-average exponent ratio for feature identity judgments was
0.98 ± 0.02, indicating no signiﬁcant slope change (on logarithmic
axes) in the psychometric function for the cued stimulus with
the decreased threshold relative to the uncued stimulus data
(t(4) = 0.79, p = .46). The group-average exponent ratio for loca-
tion judgments was 1.01 ± 0.02, indicating no change in slope
(t(4) = 0.41, p = .70). The t-values shown in Table 1 were calcu-
lated as t = (average threshold or exponent ratio  1)/SE.
As discussed in the companion manuscript, the data has been
categorized into contingencies, six of which are shown in the left
plot of Fig. 3 plotted as the percentage of the total amount of data
that falls into each contingency category. The values shown in the
ﬁgure have been bias corrected using the samemethod as our com-
panion article (Pack, Klein, Carney, in press). Please see the com-
panion manuscript for a thorough description of the contingency
categories and the bias removal procedure. In the left plot in
Fig. 3, the third data point of the VLF (Valid-Location-Feature) line
shows that in 67% of the valid cue trials, the observers correctly
reported the location and feature identity of the target stimulus.
Valid cue and invalid cue contingencies data each sum to 100% of
the total data. To brieﬂy review the description in the companion
article, the contingency categories are named according to whether
the cue is valid or invalid (V or I) and whether the location
response was the same as the target (‘‘L’’) or at a location not con-
taining the cue or the target (‘‘O’’), if the cued location was
reported to contain the target when it did not (‘‘C’’) and whether
the feature/identiﬁcation response was correct (‘‘F’’) or incorrect
(‘‘O’’). For more information on the contingencies, see the compan-
ion manuscript on temporally constrained spatial cueing. The
asterisk following the contingency labels denotes that the values
have been bias corrected. There are a total of 10 response contin-
gency categories before the bias correction, which reduces to 8
contingency categories because the responses to the cued location
(ICF and ICO) become the same as the ‘‘other’’ incorrect location
(IOF⁄ and IOO⁄). The categories VOO⁄ and IOO⁄ are not plotted in
the ﬁgure to avoid crowding and because these contingency cate-
gories only consist of trials in which neither the location or identi-
ﬁcation judgments were correct.
The data points in Fig. 2 are calculated by adding the accuracy
performance of the individual contingency categories. For instance,
the total accuracy for feature identity judgments with a valid cue is
VLF⁄ + VOF⁄, and the accuracy for feature identity judgments with
an invalid cue is ILF⁄ + IOF⁄.
Fig. 2. Average accuracy (percent correct) as a function of target contrast for identiﬁcation judgments (left plot) and location judgments (right plot). A Weibull function was
ﬁt to the data and the error bars are ± one standard error. The Weibull ﬁt of performance with a valid cue is shown as the solid line, while performance with an invalid cue is
shown by the dotted line. d0 values are plotted on the right vertical axis. All differences between valid and invalid cue data points were statistically signiﬁcant. The location
judgment data shown was bias-corrected. The original bias data points were removed partly for clarity, but also because subjects had very little bias in both experiments,
resulting in only subtle changes in accuracy performance. The magnitude of cue bias will be discussed later in the manuscript.
Table 1
The analysis of group averages of the exponent and threshold ratios for each judgment and each experiment are shown. All of the threshold ratios were signiﬁcantly higher than
1.0, indicating a lower threshold for cued stimuli than uncued stimuli, and none of the exponent ratios were signiﬁcantly different from 1.0, indicating no change in slope between
the cued and uncued conditions.
Exp 1 feature identity Exp 1 location Exp 2 feature identity Exp 2 location
Exponent ratio 0.98 ± 0.02 1.01 ± 0.02 1.01 ± .02 1.00 ± 0.02
t 0.79 0.41 2.61 0.04
p-Value 0.46 0.70 0.71 0.97
Threshold ratio 1.69 ± 0.04 1.73 ± 0.03 1.56 ± 0.02 1.49 ± 0.04
t 19.81 23.54 26.11 11.68
p-Value p < .001 p < .001 p < .001 p < .001
Fig. 3. The left plot shows the distribution of six contingency categories. The data have been bias corrected as denoted by the asterisk. The right plot shows the IbO1 and IbF1
bias values which are the percentage increase in the number of trials in which the subject responded with the cued location more than a different location not containing the
target or the cue. The values of the contingency categories shown are from after the bias correction was performed. The error bars are ± one standard error. For the right plot,
1 on the vertical axis means the subject responded with the cued location 1% of the total number of trials less than an uncued location. The two forms of location bias, IbF1
(bias when target feature identity is known) and IbO1 (bias when target feature identity is unknown), are indicated with triangle and square data points. The subscripts on
IbF1 and IbO1 indicate that these values are from experiment 1, since they will be compared to the results of experiment 2.
W. Pack et al. / Vision Research 105 (2014) 213–225 217The right plot of Fig. 3 displays the two bias parameters, IbO1
(bias when the target feature identity is unknown) and IbF1 (bias
when the target feature identity is known) as triangle and
square data points. The IbO1 and IbF1 percentage values are thepercentage increase in the number of trials in which the subjects
responded with the cued location (C) more than a different loca-
tion (O) not containing the target or the cue. A value of 1 on
the vertical axis means the subject responded with the cued
218 W. Pack et al. / Vision Research 105 (2014) 213–225location 1% less than an uncued location. For example, if the aver-
age uncued location was chosen 3% of the time, then the cued loca-
tion would be chosen 3–1% = 2% of the time. A negative bias value
means that the subjects responded with the cued location less than
the uncued locations, indicating a ‘‘negative’’ bias. We performed a
two-way repeated measures ANOVA with factors Contrast and
IbF1/IbO1. Only the contrast factor was signiﬁcant; for contrast
(F(5,20) = 3.68, p = 0.02), for IbF1/IbO1 (F(1,4) = 4.05, p = 0.12).
The contrast and IbF1/IbO1 interaction was signiﬁcant
(F(5,20) = 6.24, p < 0.001) which captures the ﬁnding that the cue
bias when the target feature identity is known (IbF1) is higher than
when the feature identity is unknown (IbO1).
The plots in Fig. 4 provide a summary of the two cueing exper-
iments showing the group means across the ﬁve observers for the
threshold (left) and exponent (right) parameters. The horizontal
axis corresponds to the invalid cues and each horizontal error
bar is one standard error (SE) of the mean. Similarly, the vertical
axis and error bars represent the valid cue data. In the left plot,
the diagonal line corresponds to the null hypothesis of there being
no cueing effect. A value below the diagonal line indicates a posi-
tive cueing effect. The right subplot compares the mean exponent
ratio of valid and invalid cue data in a similar manner as the left
subplot. In Experiments 1 and 2 all of the data points were close
to unity (1.0) indicating there was no change in the slope of the
function for either location or identiﬁcation judgment data. A shal-
lower slope (values below the diagonal) of the psychometric func-
tion is often interpreted as evidence of spatial uncertainty
reduction as described by signal detection theory (Cameron, Tai,
& Carrasco, 2002; Pelli, 1985). The diagonal line centered on each
datum is the 95% conﬁdence interval (CI) that corresponds to a
paired comparison t-test.
For 4 degrees of freedom (ﬁve subjects and one mean for the
difference of the within subject valid and invalid parameter), the
95% conﬁdence interval (CI) would correspond to ±3.93 ⁄ SE if
there were no correlation of the valid and invalid judgments across
observers. The factor 3.93 comes from two sources: a factor of 2.78
from the t-test for df = 4 (this factor would have been 1.96 for df = )
and a factor of sqrt(2) for the root mean square difference over twoFig. 4. Plots of the group average parameter values of the Weibull function ﬁt. The left p
compares the mean exponent ratio of valid and invalid cue data. The diagonal line going f
data and represents no difference between valid and invalid cues. The vertical and horizo
95% conﬁdence limits for the within-subject differences between the valid and invalid cindependent parameters (valid minus invalid). In actuality when
the paired comparison t-test was done we found that the CI of
the valid-invalid difference was at most ±1.5 ⁄ SE rather than
3.93 ⁄ SE. This small CI indicates that individual differences
between the ﬁve observers were much larger than the random dif-
ferences between valid minus invalid thresholds or exponents. This
use of diagonal error bars is a convenient way to display the beneﬁt
of doing paired comparisons. In the present case this beneﬁt was
not needed for establishing signiﬁcance or insigniﬁcance because
the cueing effect on thresholds was extremely large whereas on
exponents it was extremely small. If the valid and invalid expo-
nents were the same for a given subject but differed across sub-
jects, then the diagonal CI would have no length.
One of the most remarkable aspects of the Fig. 4 right panel
showing the Weibull exponent, b, is that the exponents are so
small. They are below b = 1.7. According to Table 1 of Pelli (1985)
that would correspond to an uncertainty of M = 3, where M is the
number of uncertain channels. Normally b is well above 2.5 (see
Pelli, 1985 Table 3). The Weibull exponents in our results were
too low for uncertainty to play a dominant role. The low exponents
represent the very shallow slopes shown in Fig. 2. The shallow
slopes are not due to individual differences in threshold as is seen
by the relatively small SEs in Fig. 4.4. Discussion
As indicated in Fig. 2, accuracy with a valid cue was higher than
accuracy with an invalid cue, indicating a performance enhance-
ment from the allocation of involuntary attention. The cueing
effect was present over the entire psychometric function, not just
at lower contrasts where task difﬁculty was highest. The threshold
of the psychometric function was reduced for cued stimuli as indi-
cated by a leftward shift of the psychometric function, consistent
with previous studies (Barbot, Landy, & Carrasco, 2011;
Herrmann et al., 2010; Pestilli, Viera, & Carrasco, 2007).
The invalid/valid threshold ratio was signiﬁcant for each judg-
ment type, and the mean threshold ratio (Table 1) indicated alot compares the group mean threshold of valid and invalid cue data. The right plot
rom the lower left to the upper right is the unity ratio between valid and invalid cue
ntal error bars are 1 SE for the valid and invalid data. The diagonal error bars are the
ues taken across the ﬁve subjects.
W. Pack et al. / Vision Research 105 (2014) 213–225 219signiﬁcant increase in performance for the valid cue compared to
the invalid cue. The group-average threshold for valid cues was sig-
niﬁcantly lower than for invalid cues as indicated by the data
points plotted well below the line of unity in Fig. 4. The exponent
ratio of invalid to valid cues was not signiﬁcantly different from
unity (1.0), indicating that any spatial uncertainty reduction pres-
ent was insufﬁcient to produce a shallower slope for the valid cue
psychometric function. This was true for both location and identi-
ﬁcation judgments (Table 1). The right plot in Fig. 4 shows that the
group-average exponents were not signiﬁcantly different from the
line of unity. Since stimuli were not spatially localized, there was
spatial uncertainty at each of the contrast levels, but there was
no indication of spatial uncertainty reduction contributing to a
shallowing of the valid cue psychometric function. The results of
the ﬁrst experiment conﬁrm our hypothesis that non-predictive
valid cues improve target identiﬁcation and localization accuracy
for unmasked stimuli.
The VLF⁄ and ILF⁄ contingency values show a rapid increase from
the lower contrast stimuli, increasing with stimulus contrast. The
asterisk denotes that these values have been bias corrected. As the
visibility of stimuli increases, accuracy increases, correspondingly
increasing the number of trials that the subjects correctly report
both the target feature identity and location. With both valid and
invalid cueing, at the 4 highest contrast levels the subjects correctly
identiﬁed the location and feature identity of the target stimulus
together more often than in any other contingency. The remaining
contingency categories showed a slight decrease and leveling out
with increasing contrast. As stimulus visibility increases, fewer
errors will bemade, so contingency values reﬂecting incorrect judg-
mentswill decrease as contrast increases.When observers correctly
identify only one of the judgments, they have fairly equal perfor-
mance for identifying the location or feature identity of the target.
A two-way repeated measures ANOVA was performed, showing a
signiﬁcant effect of contrast and a signiﬁcant interaction between
contrast and the amount of bias (IbF1 and IbO1).
Interestingly, in this experiment subjects reported the cued
location as containing the target fewer times than the other
uncued locations. This negative bias is not believed to be attribut-
able to task instructions given that subjects were not provided any
information about the cue location, bias, or cue validity. One pos-
sible explanation for the negative bias is that cue validity is very
low in this task (14.3%), and since subjects completed a very large
number of trials they learned that the cued location usually does
not contain the target, so they may have been biased away from
the cued location. This hypothesis would not explain the results
of the companion experiment on masked cueing however which
shared the same level of cue validity but showed much higher
cue bias, so it’s not a likely explanation for the negative bias. The
main difference between the companion article and this article is
the presence of a mask. Perhaps the presence of a mask is related
to higher cue location bias, though we are uncertain as to why this
might be the case.5. Experiment 2 – Methods: 50% predictive cueing of unmasked
letters
The purpose of experiment 2 was to determine if increasing cue
validity by a substantial amount resulted in any change in perfor-
mance relative to when the cue has very low validity. If the psycho-
metric functions are similar to those of Experiment 1, this would
suggest that the same involuntary attention mechanisms were uti-
lized regardless of the increase in cue validity, consistent with the
results from Giordano, McElree, and Carrasco (2009).
All experimental methods and procedures were the same as in
experiment 1 except that the cue validity was changed to 50%,resulting in 77 trials per run, consisting of 60 peripheral cue trials
(30 valid and 30 invalid) and 17 central cues (5 valid and12 inva-
lid). The average number of trials completed by each subject is
5929 trials, or 77 runs encompassing all 6 contrasts. This consisted
of 2310 trials with invalid peripheral cues and peripheral targets,
2310 trials valid peripheral cues, and 1309 central cues or targets.
In the trials with either central targets or central cues, 385 were
valid central cues, and 924 were a combination of invalid periphe-
ral cues with a central target and invalid central cues with a
peripheral target.
The bias removal procedure for the invalid cue trials is the same
with predictive cues as it is with non-predictive cues. However,
since the cues in Experiment 2 are 50% predictive instead of
14.3% predictive, a modiﬁed bias correction method for valid cue
trials is necessary to account for the higher number of trials in
which the cue is valid relative to invalid. Since there is the same
number of valid and invalid cue trials in Experiment 2, the bias cor-
rection amount is the same for valid and invalid cues. As described
in the companion article on non-predictive masked cueing, the bias
correction for valid cue trials was calculated by multiplying the
ratio of VOF to IOF by the bias correction amount from the ICF
and IOF. The multiplier ratio is not necessary if there is an equal
amount of valid and invalid cue trials.
In agreement with the results of Exp. 1, across the psychometric
function valid cue trials had higher accuracy performance than
invalid trials for both location and feature identity judgments. As
shown in Table 1, the group-average threshold ratio was
1.56 ± 0.02 for feature identity judgments and 1.49 ± 0.04 for loca-
tion judgments, indicating that the threshold of the cued target
was signiﬁcantly decreased compared to the invalid cue threshold
for feature identity judgments (t(4) = 26.11, p < 0.001) as well as
location judgments (t(4) = 11.68, p < 0.001). The group-average
exponent ratio was 1.01 ± 0.02 for feature identity judgments
(t(4) = 2.61, p = .71) and 1.00 ± 0.02 for location judgments
(t(4) = 0.04, p = 0.97) indicating that the slope of the psychometric
function for the cued stimulus was not signiﬁcantly different from
unity (1.0).6. Results
The left panel of Fig. 6 shows the distribution of the data into
the contingency categories, with results very similar to Experiment
1. As contrast increased, VLF⁄ and ILF⁄ increased whereas the other
four contingency categories showed a slight decrease. The right
panel shows the two bias parameter values across each contrast
level. We performed a two-way repeated measures ANOVA with
factors contrast and bF/bO and found a main effect of IbF2/IbO2
(F(1,4) = 11.03, p = 0.03) but no effect of contrast (F(5,20) = 0.56,
p = 0.73) and the interaction was just shy of signiﬁcance
(F(5,20) = 2.61, p = 0.06). The main effect of the experiment con-
ﬁrms that with 50% predictive cueing, the observers have more
cue bias when the target feature identity is known. Comparing
the IbF parameter between experiments 1 and 2 using a two-tail
t-test indicated that IbF was signiﬁcantly larger in experiment 2,
t(5) = 3.43, p = .02. There was not a signiﬁcant difference in IbO
between the two experiments, t(5) = 1.81, p = .13.
Results from a two-tail t-test indicated that mean thresholds
with valid cues were not signiﬁcantly different between cue valid-
ity levels for feature identity (38.51 vs 40.23), (t(4) = 1.51,
p = 0.21) and location judgments (37.52 vs 41.89), (t(4) = 1.99,
p = 0.12). Mean thresholds with invalid cues were also not signiﬁ-
cantly different across cue validity for feature identity (65.14 vs
62.65), (t(4) = 2.12, p = 0.11) and location judgments (61.28 vs
64.41), (t(4) = 1.62, p = 0.18). Mean exponents with a valid cue
were not signiﬁcantly different between cue predictabilities for
220 W. Pack et al. / Vision Research 105 (2014) 213–225feature identity (1.71 vs 1.6), (t(4) = 0.36, p = 0.74) and location
judgments (1.64 vs 1.51), (t(4) = 0.42, p = 0.71). Mean exponents
for invalid cue data were not signiﬁcantly different between cue
predictabilities for feature identity (1.66 vs 1.71), (t(4) = 0.26,
p = 0.81) and location judgments (1.58 vs 1.5), (t(4) = 0.51,
p = 0.64). The mean threshold ratio was not signiﬁcantly different
between cue validity levels for feature identity (1.6936 vs
1.5591), (t(4) = 2.42, p = 0.07) and location judgments (1.63 vs
1.54), (t(4) = 1.46, p = 0.22). The mean exponent ratio was not sig-
niﬁcantly different between cue validity levels for feature identity
(0.98 vs 1.04), (t(4) = 1.45, p = 0.22) and location judgments (0.99
vs 0.99), (t(4) = 0.09, p = 0.93).
A two-tail t-test comparing the bias parameters of 15 subjects
(total) from the ﬁrst experiment (non-predictive cues) to the bias
parameters in the companion manuscript with masked stimuli
indicated that IbF2 was signiﬁcantly higher in the masked cueing
experiment (10.89% vs 2.04%), (t(13) = 9.99, p < .0001) as was
IbO2 (10.32% vs 4.84%), (t(13) = 6.84, p < .0001). Similarly, in com-
paring the bias parameters between the second experiment (semi-
predictive cueing) and the masked cueing experiment, the results
of a two-tail t-test indicated that IbF2 was signiﬁcantly higher in
the masked cueing experiment (10.89% vs 4.5%), (t(13) = 4.53,
p < .0001) as was IbO2 (10.32% vs 0.49%), (t(13) = 4.59, p < .0001).7. Discussion
As shown in Fig. 5, accuracy for both location and feature iden-
tity judgments was improved for cued target stimuli across the
entire psychometric function. There was a leftward shift of the psy-
chometric function, indicating a lower threshold for attended stim-
uli compared to unattended stimuli. The mean threshold ratio in
Table 1 was signiﬁcantly higher than 1 (p < .001) and the data
points in Fig. 4 were well below the line of unity, indicating a
highly signiﬁcant threshold decrease for attended stimuli. The
group mean exponent was not signiﬁcantly different from unity,
indicating that any spatial uncertainty reduction present was
insufﬁcient to produce a shallowing of the slope for valid cue data
for location and identiﬁcation judgments.
The percentage of data falling into the VLF⁄ and ILF⁄ contin-
gency categories rapidly increased with increasing contrast
whereas the other categories decreased. The increase in stimulus
contrast lead to an increase in response accuracy for both judg-
ment types, so more trials resulted in correct responses for both
judgment, thereby increasing VLF⁄ and ILF⁄ while decreasing theFig. 5. Accuracy (percent correct) as a function of target contrast for identiﬁcation and loc
solid line, while performance with an invalid cue is shown by the dotted line. d0 values ar
points are statistically signiﬁcant.other contingency categories. In agreement with the results of
Experiment 1, when observers correctly identify only one of the
judgments, they have fairly equal performance for identifying the
location or feature identity of the target.
Cue location bias was higher with 50% predictive cueing than in
Experiment 1, but still very close to zero. A higher cue bias was
expected in Experiment 2 since subjects learn that the cue is some-
what reliable, so observers may assign a larger weight to the cue. In
agreement with the results of Experiment 1, cue bias when the tar-
get feature identity is known (IbF2) was higher than when the fea-
ture identity was unknown (IbO2). There was no signiﬁcant
difference in the IbO2 parameter between experiments.
The results of Experiment 2 are very similar to Experiment 1,
suggesting that the same mechanisms of performance enhance-
ment from involuntary attention are likely to be responsible for
the cueing effects seen with non-predictive cueing (14.3% validity)
as with slightly predictive cueing (50% validity). These results and
conclusions are in agreement with a recent study investigating
cueing affects across cue validity levels (Giordano, McElree, &
Carrasco, 2009).8. General discussion
These experiments were conducted to determine whether non-
predictive cueing of unmasked alphanumeric stimuli led to
improved accuracy judgment performance for two independent
perceptual judgments: identiﬁcation and localization. The results
challenge a recent hypothesis that cueing effects are mask depen-
dent (Kerzel, Gauch, & Buetti, 2010; Kerzel, Zarian, & Souto, 2009;
Kerzel et al., 2010). The results also challenge various claims that
cueing effects are exclusively a result of response bias to the cue
(Kerzel, Gauch, & Buetti, 2010; Kerzel et al., 2010; Prinzmetal,
Long, & Leonhardt, 2008; Prinzmetal, McCool, & Park, 2005;
Schneider & Komlos, 2008; Valsecchi, Vescovi, & Turatto, 2010),
and that non-predictive cues do not lead to improved accuracy
judgment performance but only improvements in reaction time
do (Prinzmetal, Ha, & Khani, 2010; Prinzmetal, Park, & Garrett,
2005). The present results are consistent with other studies show-
ing that a mask is not necessary for performance enhancing cueing
effects to occur (Carrasco, Penpeci-Talgar, & Eckstein, 2000;
Carrasco, Williams, & Yeshurun, 2002; Herrmann et al., 2010).
The present investigation obtained cueing effects not confounded
by response bias, using methods of response bias exclusion unique
to this study but which lead to similar conclusions as other recentalization judgments. The Weibull ﬁt of performance with a valid cue is shown as the
e plotted on the right vertical axis. All differences between valid and invalid cue data
Fig. 6. The left plot shows the distribution of the bias-corrected contingencies data. The right plot shows the percentage increase in the number of trials in which the subject
responded with the cued location exceeding the number of trials in which the subject responded with a different location not containing the target or the cue. The two forms
of location bias, IbO2 and IbF2, are indicated with triangle and square data points. The error bars are ± one standard error.
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Montagna, Pestilli, & Carrasco, 2009; White, Lunau, & Carrasco,
2013) and appearance (Anton-Erxleben, Abrams, & Carrasco,
2011; Carrasco, Fuller, & Ling, 2008; Carrasco, Ling, & Read, 2004;
Fuller & Carrasco, 2006; Ling & Carrasco, 2007).
Consistent with these studies, a recent investigation demon-
strated that involuntary attention cueing effects were present with
unmasked, non-predictive cues for accuracy judgments of letter
identiﬁcation and that the effects were not attributable to cue bias
(Pack, Carney, & Klein, 2013). The present investigation involved 7
stimulus locations rather than the 2 from that study, and the addi-
tion of the double judgment responses allowed for investigation
into the magnitude of response biases across the full psychometric
curve covering chance performance up to 100% accuracy for loca-
tion judgments. Multiple contrasts were examined, producing a
psychometric function and demonstrating that cueing effects are
not isolated to near-threshold levels or speciﬁc performance difﬁ-
culty levels. Some studies have claimed that cueing effects only
occur near detection threshold (Kerzel, Gauch, & Buetti, 2010;
Kerzel et al., 2010), and concluded that a sensory luminance inter-
action accounts for the cueing effect results rather than an atten-
tion induced performance enhancement (Schneider, 2006).
Similarly, it has been suggested that involuntary attention cueing
effects are absent when the task is very difﬁcult and performance
is low (Kerzel, Zarian, & Souto, 2009). The present experiments
measured accuracy improvement across the full range of contrast
levels and encompassed stimulus intensities that are both well
above and well below threshold detection levels and the results
show a positive cueing effect at low contrasts as well as high con-
trasts, consistent with several recent studies (e.g. Barbot, Landy, &
Carrasco, 2011; Herrmann et al., 2010; Pestilli, Ling, & Carrasco,
2009; Pestilli, Viera, & Carrasco, 2007; White, Lunau, & Carrasco,
2013).
In some of the previous reported literature arguing against
response accuracy improvement from involuntary attention and
non-predictive cues (Kerzel, Gauch, & Buetti, 2010; Kerzel,
Zarian, & Souto, 2009; Kerzel et al., 2010), data were collected only
at single contrasts (though sometimes using staircase procedures
to obtain a speciﬁc level of performance such as 71% correct) or
at a speciﬁed level of difﬁculty and performance. The present
experiments make a much stronger argument in favor ofinvoluntary attention resulting in response accuracy improvement
than previous investigations that are limited to a single contrast or
performance level. The presence of robust cueing effects at both
low and high contrasts conﬁrms that involuntary attention alloca-
tion using non-predictive cues can improve response accuracy at
every level of task difﬁculty.
The amount of cue bias from the group as a whole in Experi-
ments 1 and 2 had a similar magnitude across the range of con-
trasts constituting the psychometric function. Bias was higher
during 50% predictive cueing than non-predictive cueing though
there were very small levels of bias at the short processing time
interval tested at both cue predictability levels. This suggests that
cue location bias is a late decision stage process rather than an
early perceptual process. Cue location bias is a unique decision
stage process independent from uncertainty reduction as indicated
by the inability of uncertainty reduction to alter the psychometric
function in these experiments. We conclude that cue bias is a deci-
sion stage effect other than uncertainty reduction and that cue
location bias does not in itself lead to sensory enhancement.
In comparing the bias parameters between the masked and
unmasked cueing experiments with non-predictive cues, we found
that cue location bias was signiﬁcantly higher when stimuli were
backward masked than unmasked. It is worth noting that the cue
bias term should be independent of whether cue was endogenous
or exogenous. The cue bias was calculated based only on those
invalid trials where the target location was incorrectly identiﬁed.
To our surprise, cue bias was actually negative in the unmasked
non-predictive cueing experiment regardless of whether the fea-
ture identity was known (both IbF and IbO). Each group of subjects
were provided the exact same instructions, yet the presence of a
mask led to higher cue location bias and the absence of a mask
inﬂuenced subjects to report the cued location less often. This
could be attributed to individual differences in the strategies
developed by the subjects that were recruited in each experiment
but bias variability within each experiment was fairly low so this is
not a likely explanation.
One probable explanation for the difference in bias across
experiments may be that the backward mask creates more spatial
uncertainty about the location of the target stimulus. Task difﬁ-
culty was similar across experiments as indicated by similar accu-
racy levels in each experiment (encompassing a range from 20–
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tion. Since the mask limits the amount of processing time of the
iconic image in short term memory there is more spatial uncer-
tainty and observers are more likely to rely on spatial cues to direct
attention. This would lead to higher cue bias with masked stimuli
than unmasked stimuli. Cue bias was still signiﬁcantly higher in
the masked condition using non-predictive cues than in the
unmasked condition with 50% predictive cues. While the semi-pre-
dictive cue condition did lead to higher bias levels than the non-
predictive cue condition with unmasked stimuli indicating that
higher cue predictability may increase the weight that observers
assign to the cue, the bias levels were still much lower than with
masked stimuli. This provides further support for our hypothesis
that the backward mask is responsible for the majority of the spa-
tial uncertainty and corresponding cue location bias. It also sup-
ports our conclusions that cue location bias results from spatial
uncertainty and by eliminating cue location bias from the results,
there are genuine cueing effects not exclusively attributable to spa-
tial uncertainty reduction. We now discuss what mechanisms
other than spatial uncertainty reduction might explain the results
of these experiments.
8.1. Mechanisms of involuntary attention
The speciﬁc mechanism of enhancement for involuntary atten-
tion is controversial and exists in two main categories: signal
enhancement mechanisms and decision-stage mechanisms. There
are many forms of decision stage mechanisms that can be broadly
called uncertainty reduction or noise reduction. Because noise
reduction has consequences that are similar to signal enhancement
it is difﬁcult to distinguish between the two, though some experi-
mental conditions have been able to do so (e.g. Cameron, Tai, &
Carrasco, 2002; Carrasco, Williams, & Yeshurun, 2002; Lu &
Dosher, 1998). While the results of the present experiments dem-
onstrate robust cueing effects not attributable to a decision stage
cue location bias, it remains uncertain whether the results are
exclusively attributable to other decision stage mechanisms or
early signal enhancement mechanisms.
The signal enhancement mechanism improves perceptual pro-
cessing of the stimuli within the attended spatial region as mani-
fested as faster reaction times and improved discrimination
accuracy (Herrmann, Heeger, & Carrasco, 2012; Herrmann et al.,
2010; Kerzel, Gauch, & Buetti, 2010; Kerzel et al., 2010). The deci-
sion-level mechanism can occur through spatial uncertainty reduc-
tion of the target and can also be manifested as faster reaction
times (Prinzmetal, Ha, & Khani, 2010; Prinzmetal, McCool, &
Park, 2005) and improved discrimination accuracy (Prinzmetal,
Long, & Leonhardt, 2008; Prinzmetal et al., 1997). The decision-
level mechanism works by regulating the transfer of visual infor-
mation into a system with ﬁxed capacity that makes the decision
whether the target is present (Duncan, 1980; Müller &
Humphreys, 1991; Sperling, 1984). An invalid cue degrades infor-
mation transfer leading to lower target identiﬁcation accuracy or
a slower reaction time, whereas a valid cue affects the activation
of memory and decision processes to more efﬁciently transfer
visual information into short term working memory (Luck et al.,
1994). As discussed in Pack, Carney, and Klein (2013), brief, low
contrast stimuli may have such a rapid decay that available search
time is constrained and the allocation of attention improves infor-
mation transfer into visual short term memory resulting in
improved stimulus discrimination. A mechanism of information
transfer into VSTM could therefore account for the present results
since stimuli were very brief, and would be most noticeable for the
lower contrast stimuli which have a shorter iconic image duration.
It was expected that if spatial uncertainty alone were responsible
for any cueing effects, it would affect low contrast targets morethan high contrast targets since the stimuli with lower signal
strength would be more degraded by factors such as stimulus
uncertainty. As accuracy for location judgments increases at higher
contrasts, cueing effects would begin to disappear since spatial
uncertainty would be lowest when localization accuracy is highest.
The results showing the presence of cueing effects at all contrast
levels suggests that the most likely mechanism of performance
enhancement is one that is not limited to having an inﬂuence on
stimuli with a weak signal strength.
According to signal detection theory, uncertainty reduction for
the location of the target stimulus can exclusively improve target
detectability for attended stimuli (Pelli, 1985; Tanner, 1961). This
is manifested as a shallowing of the slope of the cued trial data
since the cue is proposed to reduce spatial uncertainty. The results
of this experiment do not show the characteristic shallowing of
slope of the Weibull psychometric function for the cued trials for
individual subjects. Additionally, the results of the present experi-
ments indicated cueing effects when accuracy was near 100%,
where spatial uncertainty is very low, so cueing effects are likely
to be due to another mechanism, either independent of or in con-
junction with uncertainty reduction.
Many studies have controlled, minimized, and/or eliminated
spatial uncertainty and still reported robust cueing effects not
attributable to spatial uncertainty reduction (Barbot, Landy, &
Carrasco, 2011; Carrasco, Penpeci-Talgar, & Eckstein, 2000;
Dosher & Lu, 2000a, 2000b; Ling & Carrasco, 2006; Pestilli, Viera,
& Carrasco, 2007; White, Lunau, & Carrasco, 2013). As reviewed
in Carrasco (2011), a change in response gain (manifest as an
increase in the slope and asymptote of the psychometric function)
resulting from involuntary attention allocation suggests that cue-
ing effects are due to a mechanism other than spatial uncertainty
reduction. The results of the present investigation do not provide
any indication that spatial uncertainty reduction is not present in
these experiments or that spatial uncertainty reduction does not
contribute to at least some of the observed cueing effects. The
results however do show that there is not a change in slope of
the psychometric function, which can be a manifestation of spatial
uncertainty reduction (a shallower slope of the psychometric func-
tion for attended stimuli). The slope of the psychometric function
reﬂects the visual system’s dynamic range for contrast and a stee-
per slope with unattended stimuli indicates a more restricted
dynamic range (Cameron, Tai, & Carrasco, 2002). As some research-
ers have concluded, one could interpret the present results as evi-
dence against uncertainty reduction since the results showed a
strong cueing effect without a reduction of the psychometric func-
tion slope. There are however factors other than uncertainty reduc-
tion that can alter the slope of a psychometric function. Previously
we demonstrated that a cue can have a forward masking effect and
that the masking effect can strongly increase the slope (Pack,
Carney, & Klein, 2013). Klein and Levi (2009) and Dosher and Lu
(2000a, 2000b) showed how changes in multiplicative noise can
shift psychometric functions without changing their slope. A gen-
eral feature of the Dosher and Lu (2000a) Perceptual Template
Model is the exponent is unchanged under a variety of manipula-
tions while threshold can be shifted producing a general shift of
the psychometric function on log axes. For this reason, the absence
of any changes in slope is not interpreted as either an indication or
refutation of spatial uncertainty. Spatial uncertainty is certainly
present since target stimuli were not spatially localized, and uncer-
tainty reduction could have contributed to some of the magnitude
of the cueing effect, but the absence of the characteristic change in
slope as a result of spatial uncertainty reduction suggests that an
uncertainty reduction hypothesis is insufﬁcient to exclusively
account for the present results.
According to noise-limited models, performance decreases as
uncertainty and distractors increase, because the noise they intro-
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Foley & Schwarz, 1998; Palmer, 1994). Both uncertainty reduction
and signal enhancement models predict that spatial precueing
would lower the threshold and make the psychometric function
shallower. Uncertainty models (e.g., Eckstein, 1998; Palmer,
Verghese, & Pavel, 2000) predict that the precueing beneﬁt would
be more pronounced when observers’ overall performance is low
because the uncertainty of target location produces a more notice-
able degradation at low than at high performance levels (Pelli,
1985). Likewise, according to signal enhancement models of atten-
tion (e.g., Carrasco, Penpeci-Talgar, & Eckstein, 2000; Lu & Dosher,
1998), increasing the signal would result in a larger signal-to-noise
ratio for low contrast signals. In the present experiment, high con-
trast levels corresponded with very high localization accuracy,
indicating that there was little spatial uncertainty of the target
location, yet cueing effects were still robust at these levels. At least
one other cueing study assessed uncertainty ‘‘directly’’ by perform-
ing a localization task (Cameron, Tai, & Carrasco, 2002). They con-
cluded that uncertainty reduction could not account for the
observed cueing effects since localization accuracy was high, indi-
cating low spatial uncertainty, and concluded that the cueing
effects they observed in their task was due to signal enhancement.
The present experiments show the same results, but without spa-
tially localizing target stimuli, we believe that a spatial uncertainty
reduction mechanism still cannot be completely ruled out.
In order to investigate signal enhancement, any effects of spa-
tial uncertainty reduction must be controlled (Shaw, 1984). While
our results show cueing effects in agreement with some studies
using unmasked stimuli which claim contrast enhancement from
involuntary attention, the present results do not provide any direct
evidence of a speciﬁc mechanism. A mechanism of signal enhance-
ment could account for the improved accuracy performance for
attended stimuli, but a mechanism of faster information transfer
into VSTM is equally probable. Either mechanism could produce
the observed results, but without constraining spatial uncertainty
we choose not to conclusively adopt one hypothesis over another
for the present experiments.
8.2. Cue validity and differentiating attention systems
The cueing effects were similar both with non-predictive cues
(14.3%) and 50% predictive cues, providing evidence that the same
mechanism of involuntary attention was likely involved in each of
these experiments. If researchers claim that voluntary attention
leads to accuracy enhancement and involuntary attention does
not, then our results would have shown cueing effects with the
50% predictive cue stimuli, but not with the non-predictive cues.
The fact that this is not the case, indicates that the differentiation
of involuntary and voluntary attention on the basis of cue validity
is unreliable since cueing effects were found in both experiments.
It also indicates that there are robust cueing effects for accuracy
judgments with involuntary attention using highly non-predictive
cues. Cueing effects were almost identical between Experiments 1
and 2, demonstrating that there was not any improvement with
response accuracy with cues that were more predictive. We are
not suggesting that a high cue validity will not increase accuracy
relative to low cue validity since at some level of very high cue pre-
dictability, there will be greater performance improvements for
attended stimuli compared to unattended stimuli since the cue
will reliably direct attention to the correct spatial location contain-
ing the target. The point at which increasing cue validity results in
larger performance gains from attention remains unknown in the
present task since the results merely indicated that increasing
cue validity from 14.3% to 50% validity resulted in little to no dif-
ference in accuracy of judgment performance. In Giordano,
McElree, and Carrasco (2009), a range of cue validities was testedfrom chance to 100% and showed a consistent cueing effect mea-
sured as both accuracy and speed of information accrual. Since
cue validities above 50% were not tested in the present experi-
ments, we cannot conclude whether further increases in validity
will lead to higher accuracy levels in our double judgment accuracy
task. Whereas voluntary attention enhancement of task perfor-
mance scales as a function of cue validity (Kinchla, 1980;
Sperling & Melchner, 1978), our results conﬁrm that involuntary
attention remains uninﬂuenced by cue validity (Giordano,
McElree, & Carrasco, 2009) at least within the cue validity range
of 14–50%.
Some researchers have asserted that with non-predictive cueing
subjects will ignore a cue, regardless of its salience if they believe
the cue is not helpful for predicting the forthcoming target location
(Kerzel, Zarian, & Souto, 2009). By conducting a much longer inves-
tigation across the full range of task difﬁculty levels of the psycho-
metric function, and by using a cue that has very low validity
(14.3%), the present experiments demonstrate that subjects do
not ignore the cue since it improves accuracy judgments at both
14.3% and 50% validity levels. If involuntary attention was charac-
terized by non-predictive cueing and voluntary attention by pre-
dictive cueing as some authors have characterized (Jonides, 1980,
1983; Kerzel, Gauch, & Buetti, 2010; Kerzel et al., 2010;
Prinzmetal, Ha, & Khani, 2010; Prinzmetal, Long, & Leonhardt,
2008; Prinzmetal, McCool, & Park, 2005; Prinzmetal, Park, &
Garrett, 2005; Wright & Richard, 2000), then cueing effects with
a non-predictive cue would be attributable to involuntary atten-
tion and cueing effects with a highly predictive cue would be
attributable to voluntary attention. Similar to Giordano, McElree,
and Carrasco (2009), this investigation used the same temporal
parameters to engage attention, and we conclude that the involun-
tary attention system is responsible for the reported cueing effects.
Voluntary attention does not have the same temporal characteris-
tics as involuntary attention so voluntary attention is not utilized
in these experiments and the cueing effects across the entire psy-
chometric function and across a range of cue validities is attribut-
able to involuntary attention. We conclude that having a cue
validity greater than chance does not necessarily activate volun-
tary attention as stated in some published articles, and that the
cueing effects observed in this investigation are attributable to
involuntary attention on the basis of temporal characteristics of
the stimuli.
An interesting conclusion from these experiments is that cue
validity not only has a role in capturing involuntary attention,
but also has a second role in inﬂuencing cue location bias. Increas-
ing contrast did not have an effect on bias, yet increasing cue valid-
ity did. In other words, increasing the strength of the visual
stimulus had no inﬂuence on response bias while increasing cue
validity did increase response bias, suggesting that cue validity
inﬂuences the decision stage processes in this double judgment
task rather than the perceptual stage. As discussed, there are two
forms of bias measured in this experiment, IbF and IbO. Across
all three experiments, bias when the target feature identity is
known was signiﬁcantly higher than when it was unknown. One
explanation for this could be that observers are more susceptible
to the inﬂuence of the cue when they have high certainty of the
target feature identity, regardless of whether the stimuli are
masked or unmasked. By possessing conﬁdence over the known
feature identity, subjects may assume that the cue directed them
to the correct location since a valid cue would also enhance feature
identity accuracy. This would result in subjects responding with
the cued location more often when the feature identity is known
than when it is unknown. This would explain the results of Exp.
2 as well since IbF was higher when cue validity was at 50% com-
pared to 14%, which would suggest that observers are even more
biased to the cue when the feature is known and they are already
224 W. Pack et al. / Vision Research 105 (2014) 213–225assigning a higher weight to the cue on the basis of the cue being
more predictive in the 50% condition. Subjects may assign a higher
weight to the cue both when the feature identity is known and
when the cue validity is higher. This would also explain the result
of IbO not being signiﬁcantly different between experiment 1 and
2. Bias when the feature identity is unknown is unaffected by this
mechanism, and as such increasing cue validity does not lead to a
corresponding increase in cue bias (IbO).
These experiments have shown that double judgment accuracy
for identifying letter stimuli is higher with a valid cue than an inva-
lid cue both when stimuli are non-predictive, and semi-predictive.
This performance enhancement is attributable to early perceptual
stage processes, though initial results containing response bias
are affected by late decision stage processes. Some of the decision
stage processes such as spatial uncertainty and cue location bias
can be eliminated as factors inﬂuencing the perceptual processing,
but there are various other decision stage processes that may still
contribute to the cueing effect which were not assessed in these
experiments. The bias removal procedure we have developed
was applied to experiments with masked and unmasked stimuli,
and in two different cue predictability experiments, providing
unique insight into different types and quantities of bias. In a forth-
coming manuscript, we will be utilizing the bias removal proce-
dure to analyze feature-cue bias rather than spatial cue bias. The
applicability of the bias removal procedure extends far beyond
the experiments we have conducted.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.visres.2014
.07.017.
References
Anton-Erxleben, K., Abrams, J., & Carrasco, M. (2010). Evaluating comparative and
equality judgments in contrast perception: Attention alters appearance. Journal
of Vision, 10(11), 1–22 (6).
Anton-Erxleben, K., Abrams, J., & Carrasco, M. (2011). Equality judgments cannot
distinguish between attention effects on appearance and criterion: A reply to
Schneider (2011). Journal of Vision, 11(13), 1–8 (8).
Barbot, A., Landy, M. S., & Carrasco, M. (2011). Exogenous attention enhances 2nd-
order contrast sensitivity. Vision Research, 51, 1086–1098.
Cameron, E. L., Tai, J. C., & Carrasco, M. (2002). Covert attention affects the
psychometric function of contrast sensitivity. Vision Research, 42, 949–967.
Carrasco, M. (2011). Visual attention: The past 25 years. Vision Research, 51,
1484–1525.
Carrasco, M., Fuller, S., & Ling, S. (2008). Transient attention does increase perceived
contrast of suprathreshold stimuli: A reply to Prinzmetal, Long and Leonhardt.
Perception & Psychophysics, 70, 1151–1164.
Carrasco, M., Ling, S., & Read, S. (2004). Attention alters appearance. Nature
Neuroscience, 7, 308–313.
Carrasco, M., Penpeci-Talgar, C., & Eckstein, M. (2000). Spatial covert attention
increases contrast sensitivity across the CSF: Support for signal enhancement.
Vision Research, 40, 1203–1215.
Carrasco, M., Williams, P., & Yeshurun, Y. (2002). Covert attention increases spatial
resolution with or without masks: Support for signal enhancement. Journal of
Vision, 2, 467–479.
Carrasco, M., & Yeshurun, Y. (1998). The contribution of covert attention to the set-
size and eccentricity effects in visual search. Journal of Experimental Psychology:
Human Perception and Performance, 24(2), 673–692.
Cheal, M., & Lyon, D. R. (1991). Central and peripheral precueing of forced-choice
discrimination. Quarterly Journal of Experimental Psychology, 43, 859–880.
Dosher, B. A., & Lu, Z.-L. (2000a). Mechanisms of perceptual attention in precueing
of location. Vision Research, 40, 1269–1292.
Dosher, B. A., & Lu, Z.-L. (2000b). Noise exclusion in spatial attention. Psychological
Science, 11, 139–146.
Duncan, J. (1980). The locus of interference in the perception of simultaneous
stimuli. Psychology Review, 87(3), 272–300.
Eckstein, M. P. (1998). The lower efﬁciency for conjunctions is due to noise and not
serial attentional processing. Psychological Science, 9, 111–118.
Foley, J. M., & Schwarz, W. (1998). Spatial attention: Effect of position uncertainty
and number of distractor patterns on the threshold versus-contrast function for
contrast discrimination. Journal of the Optical Society of America A, 15,
1036–1047.Fuller, S., & Carrasco, M. (2006). Exogenous attention and color perception:
Performance and appearance of saturation and hue. Vision Research, 46,
4032–4047.
Fuller, S., Rodriguez, R. Z., & Carrasco, M. (2008). Apparent contrast differs across the
vertical meridian: Visual and attentional factors. Journal of Vision, 8(1), 1–16
(16).
Giordano, A. M., McElree, B., & Carrasco, M. (2009). On the automaticity and
ﬂexibility of covert attention: A speed-accuracy trade-off analysis. Journal of
Vision, 9(3), 1–10 (30).
Herrmann, K., Heeger, D. J., & Carrasco, M. (2012). Feature-based attention enhances
performance by increasing response gain. Vision Research, 74, 10–20.
Herrmann, K., Montaser-Kouhsari Carrasco, M., & Heeger, D. J. (2010). When size
matters: Attention affects performance by contrast or response gain. Nature
Neuroscience, 13(12), 1554–1559.
Jonides, J. (1980). Towards a model of the mind’s eye’s movement. Canadian Journal
of Psychology, 34, 103–112.
Jonides, J. (1983). Further toward a model of the mind’s eye’s movement. Bulletin of
the Psychonomic Society, 21, 247–250.
Jonides, J. (1981). Voluntary versus automatic control over the mind’s eye’s
movement. In J. B. Long & A. D. Baddeley (Eds.), Attention and performance IX
(pp. 187–204). Hillsdale, NJ: Erlbaum.
Kerzel, D., Gauch, A., & Buetti, S. (2010). Involuntary attention with uncertainty:
Peripheral cues improve perception of masked letters, but may impair
perception of low-contrast letters. Journal of Vision, 10(12), 1–13 (12).
Kerzel, D., Zarian, L., Gauch, A., & Buetti, S. (2010). Large effects of peripheral cues on
appearance correlate with low precision. Journal of Vision, 10(11), 1–14 (26).
Kerzel, D., Zarian, L., & Souto, D. (2009). Involuntary cueing effects on accuracy
measures: Stimulus and task-dependence. Journal of Vision, 9(11), 1–16.
Kinchla, R. A (1980). The measurement of attention. In R. S. Nikerson (Ed.), Attention
and performance IIX. Hillsdale, NJ: Erlbaum.
Klein, S., & Levi, D. (2009). Stochastic model for detection of signals in noise. Journal
of the Optical Society of America A, 26(11), B110–B126.
Lavie, N., Hirst, A., de Fockert, J., & Viding, E. (2004). Load theory of selective
attention and cognitive control. Journal of Experimental Psychology: General,
133(3), 339–354.
Ling, S., & Carrasco, M. (2006). Sustained and transient cover attention enhance the
signal via different contrast response functions. Vision Research, 46, 1210–1220.
Ling, S., & Carrasco, M. (2007). Transient covert attention does alter appearance: A
reply to Schneider (2006). Perception & Psychophysics, 69(6), 1051–1058.
Lu, Z.-L., & Dosher, B. A. (1998). External noise distinguishes attention mechanisms.
Vision Research, 38, 1183–1198.
Luck, S. J., Hillyard, S. A., Mouloua, M., Woldorff, M. G., Clark, V. P., & Hawkins, H. L.
(1994). Effects of spatial cuing on luminance detectability: Psychophysical and
electrophysiological evidence for early selection. Journal of Experimental
Psychology: Human Perception and Performance, 20, 887–904.
Montagna, B., Pestilli, F., & Carrasco, M. (2009). Attention trades off spatial acuity.
Vision Research, 49, 735–745.
Müller, H. J., & Humphreys, G. W. (1991). Luminance increment detection: Capacity-
limited or not? Journal of Experimental Psychology: Human Perception and
Performance, 17, 107–124.
Müller, H. J., & Rabbitt, P. M. (1989). Reﬂexive and voluntary orienting of visual
attention: Time course of activation and resistance to interruption. Journal of
Experimental Psychology: Human Perception and Performance, 15(2), 315–330.
Nakayama, K., & Mackaben, M. (1989). Sustained and transient components of focal
visual attention. Vision Research, 29, 1631–1647.
Pack, W., Carney, T., & Klein, S. (2013). Involuntary attention enhances identiﬁcation
accuracy for unmasked low contrast letters using non-predictive peripheral
cues. Vision Research, 89, 79–89.
Palmer, J. (1994). Set-size effects in visual search: The effect of attention is
independent of the stimulus for simple tasks. Vision Research, 34, 1703–1721.
Palmer, J., Verghese, P., & Pavel, M. (2000). The psychophysics of visual search.
Vision Research, 40(10–12), 1227–1268.
Pelli, D. G. (1985). Uncertainty explains many aspects of visual contrast detection
and discrimination. Journal of the Optical Society of America, 2, 1508–1532.
Pestilli, F., & Carrasco, M. (2005). Attention enhances contrast sensitivity at cued
and impairs it at uncued locations. Vision Research, 45, 1867–1875.
Pestilli, F., Ling, S., & Carrasco, M. (2009). A population-coding model of attention’s
inﬂuence on contrast response: Estimating neural effects from psychophysical
data. Vision Research, 49, 1144–1153.
Pestilli, F., Viera, G., & Carrasco, M. (2007). How do attention and adaptation affect
contrast sensitivity? Journal of Vision, 7(7), 1–12.
Prins, N., & Kingdom, F. A. A. (2009). Palamedes: Matlab routines for analyzing
psychophysical data. <http://www.palamedestoolbox.org>.
Prinzmetal, W., Ha, R., & Khani, A. (2010). The mechanisms of involuntary attention.
Journal of Experimental Psychology: Human Perception and Performance, 36(2),
255–267.
Prinzmetal, W., Long, V., & Leonhardt, J. (2008). Involuntary attention and
brightness contrast. Perception & Psychophysics, 70(7), 1139–1150.
Prinzmetal, W., McCool, C., & Park, S. (2005). Attention: Reaction time and accuracy
reveal different mechanisms. Journal of Experimental Psychology, 134(1), 73–92.
Prinzmetal, W., Nwachuku, I., Bodanski, L., Blumenfeld, L., & Shimizu, N. (1997). The
phenomenology of attention. Consciousness and Cognition, 6, 372–412.
Prinzmetal, W., Park, S., & Garrett, R. (2005). Involuntary attention and
identiﬁcation accuracy. Perception & Psychophysics, 67(8), 1344–1353.
Schneider, K. A. (2006). Does attention alter appearance? Perception &
Psychophysics, 68(5), 800–814.
W. Pack et al. / Vision Research 105 (2014) 213–225 225Schneider, K. A., & Komlos, M. (2008). Attention biases decisions but does not alter
appearance. Journal of Vision, 8(15), 1–10 (3).
Shaw, M. L. (1984). Division of attention among spatial locations: A fundamental
difference between detection of letters and detection of luminance increments.
In H. Bouma & D. G. Bouwhuis (Eds.), Attention and Performance X (pp. 109–121).
Hillsdale, NJ: Erlbaum.
Solomon, J. A., Lavie, N., & Morgan, M. J. (1997). Contrast discrimination function:
Spatial cuing effects. Journal of the Optical Society of America, 14, 2443–2448.
Sperling, G., & Melchner, M. (1978). The attention operating characteristic:
Examples from visual search. Science, 202, 315–318.
Sperling, G. (1984). A uniﬁed theory of attention and signal detection. In R.
Parasuraman & D. R. Davies (Eds.), Varieties of attention (pp. 103–181). New
York: Academic Press.
Tanner, W. P. (1961). Physiological implications of psychophysical data. Annals of
the New York Academy of Sciences, 89, 752–765.Valsecchi, M., Vescovi, M., & Turatto, M. (2010). Are the effects of attention on speed
judgments genuinely perceptual? Attention, Perception, & Psychophysics, 72(3),
637–650.
Warner, C. B., Juola, J., & Koshino, H. (1990). Voluntary allocation versus automatic
capture of visual attention. Perception & Psychophysics, 48, 243–251.
White, A. L., Lunau, R., & Carrasco, M. (2013). The attentional effects of single cues
and color singletons on visual sensitivity. Journal of Experimental Psychology:
Human Perception and Performance. http://dx.doi.org/10.1037/a0033775.
Wright, R. D., & Richard, C. M. (2000). Location cue validity affects inhibition of
return of visual processing. Vision Research, 40, 119–126.
Yeshurun, Y., & Carrasco, M. (1998). Attention improves or impairs visual
performance by enhancing spatial resolution. Nature, 396, 72–75.
Yeshurun, Y., & Carrasco, M. (2000). The locus of attentional effects in texture
segmentation. Nature Neuroscience, 3(6), 622–627.
